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THE  REIATIOISHIP  OP'  THE  ISOTOPE  EXOHAIfO®  OP  HYDRO^K 

Am  oirxoss  is  solutions  to  molecular  struotui^b 

/following  is  the  translation  of  an  artlele  , 
entitled  ”ZaTl8laost*  leotopnogo  obmena  Yodoroda 
i  Elsloroda  t  Rastvorakh  ot  Stroyenija  Molekyl 
(Snell sh  Tersloa  Above)  in  Vepr^osy  Silniicheskoy 
Einetifci  Sa tali 2a  i  itealitslormoy  :^-oS6bnoBti 
(Problems  of  Ohemloal  IClnetlos  of  Catalysis 
and  Reaotlon  Capability) 9  Kosoo'w,  1955^  pas®® 

1S^23J^ 

HYBROOSH  EXOHANOS 

1 

According  to  the  dostrin©  of  A,  M*  Butlerov,  the 
properties  of  molecules  a-re  determined  not  only  by  th© 
number,  nature,  and  order  of  th©  atom  combinations  but  also 
by  their  mutual  effect.  Therefore,  extrapolation  of  proper¬ 
ties  vfhish  are  imparted  by  abstraot  (Isolated)  bonds  to  th© 
properties  of  the  sam©  bonds  in  molecules  represents  only  a 
orud©  approximation,  which  in  many  cases  leads  to  a  contra¬ 
diction"  of  experience,  ■ 

Simple  and  characteristic  examples  of  th©  strong 
influence  of  ©tructur©  on  the  behavior  of  atoms  with  similar 
bonds  but  in  different  molecules  can  be  found  in  ^ta 
dealing  with  th©  velocity  of  hydrogen  isotope  exchange . 

These  examples  ar©  of  interest  because,  in  them,  the  deciding 
role  is  played  not  by  the  displacement  of  electron  shells 
under  the  influence  of  th©  neighboring  atoms  and  groups 
{effects- of  induction  and  Itnltage),  which  ar©  preferentially 
Btudled  in  contemporary  theory  of  organic  chemistry  -  but  by 
the  qualitative  differences  connected  with  the  participa¬ 
tion  of  thes©  shells  in  the  formation  of  different  valency 

*  In  K  -  H,  0  -  H,  S  -  H,  G1  -  H  bonds  and  In  other 
bonds  In  the  majority  of  compourxds  studied  eo  far,  th© 
exchange  of  hydrogen  to  douteriua  of  th®  polar  donors 
(for  example,"  BgOJ  Is  carried  out  with  immeasurable  speed. 

It  is  accepted  that  this  kinetic  exchange  is  typical  for 
th©  noted  bonds  in  any  molecules  in  contrast  to  th©  ex¬ 
change  In  G-H  bonds  which  le  possible  and  proceeds  at  a  _ 
gt>e©d  admitting  observation,  only  if  the  bond  is  ruptured 
or  activated  by  th©  .corresponding  substitutes  or  catalyaers. 
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Kowe-rer,  It  is  known  that  in  a  series  of  aminosoiaplexeg. 
In  amsonluffi  dlboroa,  and  in  the  excshange  in  the  N-H 

and  B-'H  -bonds  progresses  slowly j  that  in  the  bond  of 
fflolec-tilar  hydrogen  it  proceeds  only  iii  the  preaenoe  of 
catalisersi,  ortho^para-coiiversion.  and  so  fortbs  -On  the 


irapossi't 

lie  to  find 

8. 

slri^ 

jle  phyeleal 

th©  C“H 

bond  which 

OO 

ulcl' 

explain  its  posi- 

Ljdrogen 

exchange. 

In 

19'^ 

the  author 

,  theory 

stating  Vat 

It 

the 

velocity  of  the 

hydrogen  ©xolmnge  in  the  X~H  bond  substantially  depends 
not  so  much  on  ih©  nature  of  the  atoiE  X  as  on  the  bonds 
between  the  ©Iwctroaa  in  its  shell  and  the  a,djoinlrig  atoms* 

If  in  this  shell  /there  exists  a  pair  of  free  electrons? 
then  the  proton,  (or,  cort'espondingly,  dsut-eron)  may  at¬ 
tach  Itself  to  it  vrith  the  simultaneous  breaking  away  of 
the  other  proton  (dsuter-on)  from  the  other  electron  pair  of 
this  shell  in  a  single  elementary  act.  This  leads  to  an 
exchange,  the  activating  energy  of  which  can  be  estimated 
at  2-3  koal/ffiol©  by  analogy  v/lth  a  similar  process  of 
proton  transition  in  the  meohanism  of  electroconductivity 
according  to  Grotgoes,  Such  a.n  exchange  must  proceed  very 
rapidly  even  at  low  temperature.  In.  organic  cospounds?  free 
©leat.ron  pai.rs'  do  not  exist  la  pjroxlriilty  to  tli©  hydros®^ 
atom  in  0-H  bonds  and  the  attachment  of  a  proton  (deuteron) 
requires  a  rupture  of  the  0-H  bond  at  the  same  elementary 
act  or  before  itj  only  after  this  may  there  form  a  new 
0-H  or  0»D  valence  bond,  This  process  obviously  demands 
considerable  aotivatlng  energy  and  the  exoha,ng®  either  doe® 
not  -prooeed  o.r  is  more  or  lees  I’atarded. 

The  first  type  of  exchange  vras  corxditionally  designated 
a-s  fast  and  the  second  as  slow.  This,  of  course,  does  not 
exclude  th©  possibility  that  in  separate  cases  the  exchange 
according  to  the  slow  seobantam  is  capable  of  prooeeding 
fairly  raj)idly«  An  essential  cla asifioation  feature  for 
both  exchange  meohanlsms  Is  the  effect  of  substitutes  and 
oatalyaers,  which  play  a  deciding  role  In  the  aiechanlsms 
of  slow  exchange  but  'which  are  nori*“essen.tlal  (at  least, 
according  to  th©  contemporary  level  of  kinetic  study  of 
very  fast,  reactions)  for  a  meehanisra  of  rapid  exchange. 

In  order  to  substantiate  this  theory,  my  ooworkers, 

L,  Yi  Sulima  and  I,  G,  laaskin?  arranged  several  experi¬ 
ment  s,  It  was  found  that  In  ooatraet  to  ammonia,  in  the  ion 
of  ammonli!®,  vrhero  free  electron  pairs  do  not  exist  near 
the  atom  of  nitrogen,  th®  exchange  proceeds  vfith  a  measura¬ 
ble  velooity  and  decelers.tes  ©ven  more  in  the  ijresence  of 
acids,  W©  explained  this  by  the  fact  that  the  ©xohang© 
proceeds  not  in  th©  KHI^  itself  but  in  ammonia,  which 

exists  ias  hydrolytic  equilibrium,  so  that  the  exchange 
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velocity  is  determirxed  by  the  speed  of  the  hydrolysis*  In 
bonds  P-H  of  nliosphorouB  acid  and  its  s-nion,  the  ©xohange 
does  not  prccee^d  at  allj  because  there  are  so  free  pairs  of 
electrons  near  the  atom  of  pcosphoraes.  The  exchronge  pro“ 
ceecig  ro.Lati vO'ly  fast  in.  bhe  same  bonds  of  liypopli.C5Bpboj'io 
aoAu  aa  a  reauit  oi  cair&omer'xo  r‘egr*oupin.y  ™ 

cturing  which  an  electr'on  pair  le  liberated  nea,r  ths  atom  of 
phosphorus*  This  sethod  of  exchange  was  substantiated  by 
com3;!ar‘ttte  its  kinetic.®  with  ths  kinetios  of  th©  oxidation 
of  H-^POgj  which  proceeds  through  the  stage  of  tautomerio 

transition*  In  bonds  of  trisila.ne,  where  s.gain  there 

ia^  no  free  pairs  of  electrcois  in  proximity  to  the  atom  of 
Bilieo,as  ©.xch&Rge  was  not  d.lscovered  evc^n  under  most  ara, s-» 
tie.  coadltlons* 

To  the  cited  dats.j  it  le  neoeesarv  to  add  that  at  the 
present  time-  tliep-s  is  not  a  single  authentie  cae©  known  In 
VThloh  the  exchs,ng0  In  X-H  bonds  in  a  solution  of  donor 
deuterium  did  not  proceed  with  immeasurable  speed  if  the 
shell  of  the  X  atom  oont.ained  free  pair  of  eleetro.nSa  AlsOj 
there  la  .nest  a  single  c?a,sa  knovvn  in  which  *”  with  the  abeenc© 
of  such  pair-  “  the  e.x:cb,an£p'  v?aB  more  or  less  fast  in  the 
absence  of  conditions  highly  activating  the  X»'H  bond*,  I,'a 
0«ri  Don&s  of  hjdrooe.PhonBf  exs-mples  of  moat  rapid  exchange 
were  found  in  the  medlam  of  liquid  KD-«  -s-  due  to  the 

/it 

gtr-orjg  basicity  of  the  aediam,  but  in  these  speeia.lly  favor¬ 
able  conditions  the  exchange  proceeded  w.ith  a  ineasurable 
aneed  /p/. 


The  rapid  hydrosjen  exchange  In  K-H,  0-H  and  S-H  bonds 
and  la  othern  in  dissol. vo'd  coiBpounds  is  usually  attributed 
to  taelr  eieotrolytic  fiissoclatio.ri«  F'Cfr  0xa,apl9j  in  solU“» 
tions  of  heavy  water^  th©  free  ions  or  0H“  of  solute 

are  repl.aced  by  the  sam©  kind  of  ions,  or-  GD*",  from  the 

J 

water. 5  Ele-otrolytic  dissoolatlouj  s3.ffiilar  to  the  exchange 
rasotion  of  the  above-mentioned  bonds,  actually  proceeds"’ 
Inrmejaeurably  fast*  More  careful  exaral nation  of  the  question 
le.eds#  hoK©-/ers  to  the  conclusion,  thatj  in  th©  aschanism  of 
fast  ©.xchange,  electrolytic  diesocistlon  does  net  pl-ay  a 
deoidlag  role*,  It  is  possible  to  cjite  many  examples  of 
praotically  i:asta,rj,ta.neou8  ©xchangt^  whe,n  the  ©qui*,llbrluia 
conceirtr-atioE/^of  the  free  ions  pax'tlelpatlag  In  It  has  a 
value  of  10*“  order  of  less,  which  is  insufficie,tit  for  such 
a  fast  exchange*  It  would  b©  mor-e  correct  to  consider  that 
the  ©.Jcohanga  according  to  th©  fast  mechanism  and  electrolvtic 
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dissociation  an©  two  parallel  processes  th©__  second  of  which, 
of  coitrs©.  also  leads  to  an  exchange,  but  slower  than  the 
first.  Indeed,  disEOclation  apparently  proceeds  through  a 
stage  of  -sn  Interasedlate  coixiplex  typet 


X 


li 


.  .0 


H 


(for  an  ©xamrilo  of  an  acid  dissociation  in  water)  wlth^_ 
polarising  (in  particular,  the  hydrogen  type;_  bonds*  Ji'he 
runture  in  such  conjplexes  on  or  on  iiiui  -i-On  , 

ou sly,  demands  considerably .greater  energy  of  activation^ than 
the  syametrlcal  proceed  of  transition  of  two  protone  to  f.ree 
electron  pairs  in  a  oomplexs 
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OX’ 


•  X 

t 

D 


H. 

i  , 
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and 


th^ 


: resents,  as  was  pointed  above 


charao  t©r*i  stlc 


neculiardty  of  the  rapid  exchange  mechanisra,  la  cue  aosence 
of  free  electron  pairs  near  the  X  or  D  atoms,  the  energy  of 
scttWtion  must  be  high  because  in  th®  corresponding^^^tnter'” 
mediate  complex  the  weak  polarizing  bonds  X»p  and  Y-n  may 
be  tx’ansf erred  into  valence  boxida  only  througl’i  a  process  ol 
freeing  elefstron  pairs  fi-oa  the  original  valence  bonds 
xJ»H  and  Y-D,  This  process  may  proceed  elowei**  than  th©  elec- 
vtic  dissooiation.,  'rhei’efor*©,  th©  exchange  according 
to  th®  mechanism  of  slow  exchange  say  proceed  either  in  a 
single  act  (this  ie  usually  sailed  an  association  mecnanisia) 
o:r  through  a  preliminary  step  of  electrolytic  dissociation 
UuniK'lng  exchange  laechanism). 

The  examined  coneidei’ation  can  be  extended  to  ,0'wher 
protolytio  reactions,.  They  apparerxtly  explain  th®  ve^ry 
Waall  acidity  of  hydrocarbons*  The  absence  of  free  r>8.tr‘a 
of'  electrons  near  the  atoms  of  carbon  in  G-H  bondsi  the  small 
Inclination  of  these  atoms  toward  coordinated  joining  cand 
toward  participation  in  hydrogen  bonds  all  this  nlncters 
the  formation  of  corresponding  interraediate  complexes* 

During  the  mechanism  of  slow  ©y^chang®  contrary 
to  th©  maohanism  of  fast  exchange  -»»  th©  deciding  ® 

Yp.'iocit‘«'  is  exerted  by  factors  weakening  the  orig.<.!£i«'x 
X-H  bonds.  The  f&ost  Important  of  these  factors  are?  a  great 


dlffereno©  in  th©  acidity  of  both  participants  'of  the  ex-» 
change,  suitable  substitute a j  and  the  Junction  of  th©  bonds. 
^The  first  is  mardfested  by  sensitlTity  of  th©  ©xohang® 
toward. the  acld^base  catalysis  and,  In  particular,  in  8ha'X»p 
chanits  in  th©  exchange  velocity  dui'lng  the  tr-ansltloxi ^ f ron:-^^ 

DoO  In  Xlq.aid  IfD-^  or'^DE.r,  as  vras  shown  in  recent  broad" scale 
Investigations  by  A,  I»  Siat©aslit@yn  /3/.  ihe  effect  of  sub“ 
stltute©  is  well  known  in  many  examples  of  organlc-eoiupounds 
exchange.  As  for  effects  of  linka.g©  in  hydrogen  exchange, 
th©  linkage  has  the  greatest  effect  (because  the  X'“H 

bond  Isa  i*  bond),  as  was  establlslied  by  A.  w*  Nesmeyanoir 

/4/  end  ©X|)@rlm®ntally  -  substantiated  by 
works  of  A»  Ktt  M® siEsyanov ,  D*  H®  Kursanov  /b/ ,  A.»  I*  Sieteu** 
shteya  /%/  and  G*  F.  Maklukhln  /6/. 

.Here  w©  era  not  examining  th®  radical  exchange 
iaecha.iiism.  In'  solutions  connsctsd  'with  the  homologous  rupture 
of  bonds.  Inasmuch  as  the  material  on  hand  Is  xnsuffiuient 
for  generalized  conoluslons. 

OXYOSN  EXOHANGS® 

,  1  . 

The  ©xohang©  of  oxygen  isotopei  in  a  solution  difier© 
considerably  from^th©  exchang©  of  hydrogen.  It  almost 
al'ways  oroceeds  slowly  and  strongly  and  dspends  on  tn©  acldA  .y 
or  baatclty  of  the  medium.  Th©  selection  of  the  objects 
and  oondltions  in  oonneotion  wi,th  its  study  has  bosn  for  th© 
most  part  of  a  casual  character  and  the  experimental  results 
of  various  authors  have  been  completely  contradictory® _ 

All  tbla  hinders  obtaining  generalised  conclusions  with 
reference  to  oxygeri  exchange . 

From  the  many  variants  of  oxygen  exchange,  th©  most 
Important  appear  to  be  the  followings 

a)  An  exchange  in  anions  through  formation  of  tree 
acids  or  tholr  anhydride s,  for  examples 

KS07  +  H'*’  ==  SO3  4-  li^O. 


in 

oh.arige  in 


,hls  manner,  various  authors  e:q>lalned  the  ex» 
HSOr*  USDS’,  OO* ,  'sitOg  ,  HCD* ,  CC,)g 

and  so  forth*  However,  some  of  the  substances  also  ©x-» 
cha.nge  oxygen  In  an  alkaline  raediUffij  for  'which  th©  noted 
iO 0 oilSf irii. Boi  is  tit'iSU.i Tlio  2)101^0  so  b<s  it  ioss  not 
with  the  oocaslonallj^  observed  alkaline  cs^talysea  (bichro- 

mates,  silicates,  and  so  forth), 

b)  An  exchange  throu^.  an  addition  -  suboractlon  oi 
th©  i’xydpoxyx  1b  tlis  Bistliod  soni^tlisos  ©xplEliiin^ 


the  exchange  in  carbonyl  coiaplexes  under  the  conditions  of 
alksli-catalysis*  This  mechi-nlsm  has  only  limited  circula¬ 
tion.  It  explains  neither  the  excha.iige  in  the  acid  medium, 
nor*  -  even  more  so  -  the  often  obsorved  organic  anions  of 
the  acid  oatalyrds  /8/. 

c)  An  exchange  through  loniaations  either  iraaedlately 
or  after  intermediate  junction  of  the  proton.  Such  a  m©- 
ohanlsm,  of  course,  fully  explairxs  th®  exchange  of  hyclr-oxyl 
groups  of  strong  bases  with  "water,,  but  it  Is  found  with  dif¬ 
ficulty  and  requires  artificial  supplementary  allowances  in 

'd)  An  exchange  through  hydrolysis,  _  for  ©xamTJlei 
2Cr0r  +  HjO  (>aO?"  +  20li~. 
exchange  in  BO|",  8401",  SiOl™**  CrO|“,  Cr/)? 


An 


and  others  was  explained  in  this  raanner®  Undoubtedly,  this 
meohanlsm  deserves  attention,  parti cularl5>'  for  anions  of 
weak  acids,  where  it  is  entirely  probable.  In  a  series  of 
cases,  however,  it  does  not  agree  with  the  oharaoteristlc 
effect  and  bases  on  the  velocity  of  the  exchange  and  ^fith 
the  disruption  of  the  relationship  between  the  exchange 
velocity  and  the  acid  etrength, 

e)  An  exchange  tlirough  addition  of  water  with  foma- 
tlorx  of  the  oi''tho  ■»  foBa,  for  examples 


.  / 

H  *0110  -T  M$0  »s  H  'C  —  Oli 

\ 

OH. 


Such  a  mechanism  explains  satisfactorlJ.y  the  exchange 
in  carbonyl  of  organic  compounds  and  agrees  with  th©  known 
ohesaioal  properties  of  this  group*  We  made  no  attempt  to 
©xplain  other  cases  related  to  it.  We  will  return  to  this 
mechanJ-Bitt  later® 

f)  ¥e  made  an  attempt  to  characterize  th©  aptitude 
towa.rd  the  oxygen  exchange  and  its  velocity  by  means  of  the 
pola,rlty  degree  of  the  X-0  group |  It  takes  place  /7/,  but 
an  obje^etive  comparison  with  the  kno’pm  exporiaental  facts 
eubstantiates  this  point  of  view  only  to  a  slight  degree. 

Comparison  of  the  available  but  as  yet  scarce  material 
w'lth  reference  to  oxygen  exchange  in  solutions  does  not 
disclose  a  slraple  coiniection  with  the  nature  of  th©  exchange 
comT>ounds,  Aa  will  b©  disclosed  further,  som©  success  in 
this  direction  can  be  achieved  by  considering  individual 
structures  of  the  electron  shells  in  solvent s. 
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Comparison  of  the  velocity  of  the  oxygen  exchange  jn 
acids  of  phosphorus  and  their  salts  In  work  of- L*  T,  Salima 
and  the  author  /9/  gives  a  series  (in  bra.ckets  -  the  half' 
pei^lod  of  'the  exchange  in  hours  and  th©  tenroerature  of  th^^: 
experiment): 

H,P08« 0,2;  4cr)  >  H,PO,{6,5;  63°)  >  (70;  lOT) 

and  for  anions 

H,POr(iO;  iO0°)>HPCt“,  H^POr,  HPOr,  {()■,  i(W), 

All  three  acids  possess  a  single  structure 
H,P  (O)  (OH).  HP  (0)(0H)s  and  P (O)  (OH)*, 

so  that  In  this  aeries  is  clearly  disclosed  the  retardation 
of  the  exchange  with  the  increase  of  the  hydroxyl  groups 
connected  \^lth  phosphorus  and  also  at  the  transition  of  the 
acid  to  its  anion’?  The  found  relationships  can  be  satisfac* 
torily  explained  by  a  mechcanism  usually  accepted  for  the 
explanation  of  the  exchange  in  the  carbonyl  group:  an 
intermediate  annexation  of  water  according  to  a  formaT 
double  bond  P=:0 


OH 

OH. 


An  Increase  in  the  number  of  hydroxyl  grouos,  con¬ 
nected  with  phosphorus,  decreases  the  positive  charge  in  the 
latter  and  its  ability  to  nucleophilic  annexation  of  the 
water  hydroxyl.  In  the  same  direction,  and  even  to  a  greater 
degree,  act  the  free  negative  charges  on  the  oxygen  atoms 
in  anions. 


.  fragmentary  e:)periaental  material  which  is 

available  tod.ay,  it  is  possible  to  arrive  at  the  same  co-nciu- 
slons  for  other  cases  of  oxygen  exchange.  This  exohane-e 
proceeds  with  ease  in  concentrated  HgSO^,^  and  HNO-^  fwhere 


■»More  rapid  exchange  in  solution  of  a  partially  dissociated 
acid  can  not  be  attributed  to  acid  catalysis  in  the  anion, 
inasmuch  as  such  a  catalysis  was  not  disclosed  in  the  solu¬ 
tions  of  these  salts.  Also,  In  the  same  solutions,  no  basic 
catalysis  was  ever  disclosed. 


undissociated  molecules  predominate)  and  in  solutions  of 
weak  acids  HgSO^,  HgOO^)  but  much  slower  in  the  diluted 
solutions  of  the  firsti  in  acid  anions  HSO4,  HCOj 

and  emn  slower  and  »  Slow  exchange 

is  obBCPTred  in  oarfoonaceous  acids  but  not  in  their  s-alts  . 

ThB  B&m.B  meohaniara  c:'q>lairip;.  th&  absence  of  exchange  In 
hydroxyl  groups  of  alcohols  and  single  substitutions  phenols. 
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We  have  no  intention  of  applying  the  examined  me* 
chanisro  to  cases  of  oxygen  exchange. ■  It  Is  only  possl«“ 
ble  if  the  central  atom  possesses  the  ability  of  coordinated 
attraction  while  the  nmaWr  of  electrons  in  its  shell  is 
increasing.  For  instance »  the  absence  of  a  noticeable 
exchange  in  perchlorates  should  be  attributed  to  the 


inability  of  chlorine  to  ex^sand  its  shell  In  excess  of  eight* 
In  perlodides,  vrhere  such  expansion  is  possible  (for  Instance 
H^dOg)  the  exchange  proceeds  exceedingly  fast*  as  was 
demonstrated  recently  by  H,  A,  Vysotskaya, 

On  the  other  hand,  this  mecha,nisia  requires  considera¬ 
ble  polarization  of  the  X-D  bond  for  migration  of  electrons 
to  the  oxygen  atom.  The  degree  of  such  polarization  must 
b©  able  *  as  was  noted  above  -  to  strongly  influence  the 
velocity  of  the  exchange,  -  It  must  depend  on  substltates, 
and  on  the  linkage  the  chain  a X 

which  in  turn  depends  bn  the  polarity  of  the  gi'oup  X-0  /4/, 
The  polarity  of  the  latter,  obviously,  is  responsible  for 
th©  effect  of  the  hydroxyl  groups  in  the  exchange  of  acids 
of  phosphorus,  where  the  P-0  bond  shows  a  binary  character, 
Fiirther  investigations  will  disclose  how  extensively 
th®  proposed  mechanism  of  oxygen  exchange  occurs,,  but  from 
the  data  on  hand  it  is  possible  to  conclude  that  it  is 
closely  connected  with  the  etruotur©  of  electron  shells  in 
molecules. 
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